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Abstract 
Hard carbons are considered among the most promising anode materials for Na-ion batteries. 
Understanding their Na storage capabilities is of great importance for optimizing their structure 
and therefore achieving high performance. Herein carbon nanofibers (CNFs) were prepared by 
electrospinning and their  microstructure, texture and surface functionality were tailored 
through carbonization at various temperatures ranging from 650 to 2800oC. Stepwise 
carbonization gradually removes the heteroatoms and increases the graphitization degree, 
enabling us to monitor the corresponding electrochemical performance for establishing a 
correlation between the CNFs characteristics and Na storage behavior in hard carbons. 
Outstandingly, we found for CNFs carbonized above 2000 oC, a single voltage Na uptake 
plateau  at ~ 0.1V with a capacity of  ~200 mAh/g. This specific performance may be nested 
in the higher degree of graphitization, lower active surface area (ASA) and different porous 
texture of the CNFs at such temperatures. We demonstrate via the assembly of a full 
CNF/Na2Fe(SO4)3 cell the benefit of such CNFs electrode for enhancing the energy density of 
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full Na-ion cells. This finding sheds new insights in the quest for high performance carbon 
based anode materials. 
Introduction 
The revival of Na-ion batteries rely on the low cost and widely availability of sodium sources 
with the possibility of developing high performance, low cost electrode materials[1,2]. High 
capacity P2-type Na0.67[Fe0.5Mn0.5]O2 
[3] and high voltage polyanionic Na2V2(PO4)2F3 
[4] have 
been widely studied as potential cathodes, delivering comparable energy density with Li-ion 
batteries. Current anodes are based on the similar materials as that for Li-ion batteries, 
including carbon, alloys and metal oxides[5]. However, Carbon have emerged as one of the 
most promising classes of materials in the searching of anodes, although widely used graphite 
cannot be blindly implemented with carbonate electrolyte[6]. Only solvated Na ions could be 
intercalated into graphite when appropriate electrolyte, such as ether-based electrolyte, [xxx] 
is used. Therefore, other forms of carbon, such as hard carbon[7] and graphene[8], have been 
widely studied. A decent capacity of ~ 200 mAh/g could be obtained so that C-based Na-ion 
cells were assembled and tested[9].  
        Hard carbon materials that contain randomly oriented graphene layers are the most studied 
candidate anodes. They are usually prepared by pyrolysis of organic and polymer precursors, 
such as glucose[7], sugar[10] and polypyrrole[11], at around 1000 oC. Due to the presence of large 
amount of sp3 structure in the precursor, parallel growth of graphene layers is somewhat 
inhibited, giving rise to plenty of defects.  Like Li ion storage in carbons, Na ions can equally 
be stored in carbons via i) adsorption on the surface and defects, ii) nanopore filling and iii) 
intercalation between the graphene layers of large d-spacing. Although a number of studies 
have been conducted on the hard carbon anode, there are numerous discrepancies concerning 
the Na ion storage mechanisms as a diversity of both voltage profiles and capacities are 
reported. The charge/discharge curves of hard carbon normally consist of two regions: i) a 
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slope between 1.0-0.1V and ii) one flat plateau at ~ 0.1V. The first one has been explained by 
either Na insertion into nearly parallel graphene layers[12] or binding of Na at vacancies[13]. 
Equally, there is no consensus regarding the assignment of the flat plateau which is presented 
as due either to the Na intercalation between expanded graphene layers[14] or to nanopore 
filling/nanoplating[7] [12]. Obviously these different assignments come from the variation in the 
microstructure/texture which depends on both the carbon precursor and thermal annealing 
processes. Moreover, the high capacity at above 1V is also  assigned  to heteroatom doping [15], 
hence calling for a careful examination on the effect of functional groups containing N and O 
atoms. Systematic studies on tailoring the microstructure and chemical composition of hard 
carbon are therefore required in order to establish a possible relationship between heteroatoms, 
microstructure, texture and electrochemical properties vs Na+/Na0.         
       Carbon nanofibers (CNFs) prepared by electrospinning have been extensively studied in Li-
ion batteries, serving as both anode materials and substrates for supporting metal oxides[16,17]. 
Recent studies on neat CNFs and their hybrids with Sb suggests that they can also be employed 
in Na-ion batteries[18,19]. Although CNFs have generally a lower density than graphite, a side 
advantage if that they can be made in flexible thin film forms to be used  for wearable 
electronics[20]. Because of the high carbon yield, low cost and easy spinnability, 
polyacrylonitrile (PAN) is considered among the most suitable polymer precursors to produce 
CNFs[21].   
       Therefore, in this work self-sustained PAN derived CNF films by stepwise 
carbonization/graphitization were used for the understanding of Na ion storage mechanism. 
Gradually heating of PAN fibers between 650°C and 2800°C allowed to obtain several 
materials having distinct surface functionalities, textures, structures and reactivity as 
highlighted by systematic analysis using a large panel of techniques. Three domains of Na 
storage mechanism were identified based on the CNFs features induced by temperature interval 
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used for the carbonization/graphitization and the Na ion storage behavior. Importantly, a single 
voltage Na plateau at ~ 0.1V with a capacity of ~200 mAh/g is for the first time observed for 
high temperature treated CNFs (> 2000 °C). Full cell based on such CNFs and Na2Fe2(SO4)3 
was demonstrated to provide  improved energy density for Na-ion full cells.     
Results and Discussions  
        Scanning Electron Microscopy (SEM) images of PAN fibers in Figure S1a,b show a fine 
one-dimensional structure with fibers having  diameters ranging from 100 to 300 nm and little 
amount of beads. This structure is well maintained during stabilization and carbonization, 
giving rise to uniform CNFs having slightly smaller average diameters (150 nm vs. 200 nm) 
and a more dense appearance than PAN fibers (Figure S1c,d). The carbon yield (i.e., the mass 
ratio of obtained CNFs to PAN) significantly decreases from 67% to 42% with increasing 
temperature between 650 and 950°C, respectively (Figure S2). No significant difference in the 
carbon yield is noticed for temperatures higher than 950°C. Several complementary analysis 
techniques were employed to determine the composition and surface functionalities of CNFs 
at different stages of carbonization/graphitization process. These functionalities, which are 
known to strongly modify the electronic and the wettability properties of the materials[22]  may 
play a key role in the interactions with the electrolyte and consequently impact the Na storage 
performances.  
The elemental analysis and X-ray photoelectron spectroscopy (XPS) (Figure 1a) show 
an increase in carbon content and a decrease in the heteroatoms, i.e., nitrogen and oxygen 
amount with increasing temperature, especially between 650 and 950°C. In this region, it can 
be noticed as well that the oxygen content obtained from chemical analysis is higher than from 
the one deduced by XPS. Although this difference is nested in the fact that XPS is a surface 
technique probing solely ~10 nm of carbon surface, as compared to elemental analysis which 
probes the whole sample, it indicates an oxygen gradient concentration between the core and 
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surface of the sample. Thus the need to increase the treatment temperature to fully carbonize 
PAN is evident, as confirmed by the homogenous O and N content for samples treated at T> 
1000°C.  
  Details about the types and evolution of N and O functional groups with the annealing 
temperature, as determined by deconvolution of the C1s, N1s and O1s XPS peaks are presented 
in Figure 1b and Figure S3. The main nitrogen groups are the pyridine, pyridine pyrolic and 
quaternary N while for O mainly carbonyl (C=O), anhydrides (O=C-O) and ether (C-OR) 
groups are observed. Both XPS and elemental analysis show that removal of N and O 
functional groups is the main reaction occurring below 1000°C (Figure 1a and Figure S3), 
explaining the observed decrease of carbon yield (Figure S2). The elimination of functional 
groups was in-situ monitored by temperature-programmed desorption coupled with mass 
spectrometry (TPD-MS). Figure 1c depicts the evolution of evolved gases during the TPD-MS 
experiment under vacuum for different thermal annealed CNFs. The basic and acidic oxygen 
functionalities are decomposed into CO and CO2, respectively
[23,24]. It can be seen that for all 
materials the CO quantity is predominant, indicative of the presence of basic rather than acidic 
groups, in good agreement with the XPS results. Concomitant with the COx evolution, the 
desorption of HCN was observed due to the decomposition of nitrogen functional groups (data 
not shown).  The precise quantity cannot be determined since no calibration with such species 
was performed. Besides COx and HCN, water and H2 is evolved. The water is usually 
physisorbed/chemisorbed on carbon or in-situ formed by decomposition of neighbor oxygen 
groups. The H2 evolution is mainly attributed to C-H bond cleavage
[25] indicating carbonization 
of the fibers. As expected, all these groups are evolved in higher quantities at low temperature.   
Once these groups removed, the materials were further subjected to oxygen 
chemisorption and TPD-MS analysis to determine the active surface area (ASA). We have 
previously shown for graphite materials that the ASA influences the formation of SEI, the 
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irreversible capacity loss in the first cycle and therefore the overall Li-ion battery performance. 
[25,26] However, studies about the active surface area determination for hard carbons and its 
impact on Na storage mechanism were never reported. Figure 1d shows the evolution of ASA 
for several CNFs heated at temperatures higher than 950°C (temperature where the most 
surface groups is removed). The ASA sharply decreases from 23 to 1.1 when increasing the 
annealing temperature between 950 and 1250°C. These values are very high indicating poorly 
organized and defective CNFs materials. For temperatures superior to 1250°C, the ASA 
slightly decreases with the temperature down to 0.36 for 2800°C treated material;  a value 
comparable to what was obtained with some graphite materials [26].To grasp further insights 
into the parameters  (degree of graphitization, type of defects... ) parameters, Transmission 
Electron Microscopy (TEM), X-ray diffraction (XRD) and Raman spectroscopy were 
performed.  
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Figure 1  (a) composition by elemental analysis (EA) and XPS; (b) deconvoluted evolution of 
functional groups of C1s XPS spectra with the carbonization temperature of CNF for CNF 
carbonized between 650 and1200°C; (c) desorbed quantities of H2, H2O, CO and CO2 gases 
from CNF surface during TPD-MS analysis and (d)  the active surface areas.  
 
       TEM pictures CNFs treated below 1000°C (Figure 2a-c) show disordered structure 
without clear evidence for graphene layers,  most likely due to the lack of sufficient energy to 
drive the growth of such graphitic structure. In contrast, ~10 nm islands of curved graphene 
layers with random orientation are observed for samples treated at above 1000°C (Figure 2c-
e); somewhat similar to the "card house" model proposed by Dahn et al[27]. These observations 
explain the high ASA value for the material treated at 950°C and its decrease for higher 
temperatures: lower the structural organization higher the ASA.  For samples annealed at T≥ 
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2000°C (Figure 2f-h) the graphene domains tend to orient in the basal plane as deduced from 
TEM images which shows that they consists of packing of 3 to 20  parallel graphene layers.  
This structural rearrangement results in the creation of mesopores whose importance with 
respect to the capturing of Na+ ion will be discussed latter. Such a growing and orientation 
trend of the graphene domains increases with increasing further the heating temperature to 
2800°C. The graphitization improvement under high temperature annealing is also confirmed 
by selected area electron diffraction as shown in the inset of Fig.2 (a),(c), (f) and (h). The 
diffraction rings are clearly observed in CNF-2200 and CNF-2800, but not in CNF-650 and 
CNF-1250 due to their less ordered structure. Nevertheless, we are still remaining far away 
from a dull graphitization, the reason why PAN derivated carbon belongs to the hard carbon 
family.  
 
 
   
(b) (c) (a) 
(d) (e) (f) 
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Figure 2 TEM images of (a) CNF-650 (b) CNF-950 (c) CNF-1250 (d)(e) CNF-1550 (f)(g) 
CNF-2200 and (h)(i) CNF-2800. The insets of (a)(c)(f)(h) show the selected area electron 
diffraction of corresponding samples. 
 
         In parallel to microscopy, XRD patterns (Figure 3a) reveal the existence of a wide (002) 
peak for CNFs carbonized at below 1000 degree which is indicative of structural disordering 
in agreement with the microscopy. The intensity of (002) peak improves when the 
carbonization temperature increases, but it remains broad till up to 1550 °C. A further increase 
of carbonization temperature above 2000°C leads to a sharpening of the (002) graphitic that is 
reminiscent of an increase in the sample state of graphitization. To quantify these effects we 
further exploited the collected XRD patterns using the Bragg's law and Sherrer’s formula. With 
increasing the carbonization temperature (Figure 3b) the d-spacing decreases by about ~5% to 
reach a value of 0.343 nm at 2800°C, which is close to that of graphite (0.335 nm), while the 
crystallite size increases from 0.4 at 650°C to about 6nm at 2800°C. This result may partly 
explain why similar ASA values are obtained for the CNFs as some graphite materials.  In 
addition, the graphitization enhancement with temperature was also proven by Raman spectra 
(Figure S4), where a prominent G' band peak appears when the temperature reaches 2000°C. 
Nevertheless, the D band peak is still intense even after carbonization at 2800°C, indicating  
the presence of defects and/or pores[28].  
(g) (h) (i) 
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Figure 3 (a) XRD spectra and (b) derived d-spacing and crystalline size (Lc) as function of 
carbonization temperature  
 
       Insights on the textural features of CNFs were assessed by nitrogen and carbon dioxide 
adsorption. The nitrogen adsorption/desorption isotherms presented in Figure 4a exhibit a type 
II-shape for all CNFs materials specific to materials having low porosity. The BET surface area 
is similar for all materials (~ 20 m2/g), no matter the carbonization temperature, while the total 
pore volume tends to increase for high temperature annealed CNFs (Table 1). For sake of 
completeness we also determined the textural properties by CO2 adsorption. The CO2 
adsorption isotherms (Figure S5) show a significant decrease in the adsorbed volume with the 
increase of the temperature between 650 and 950°C. For higher temperatures (1100-2800°C) 
the adsorbed volume is similar between the materials. If we compare the specific surface area 
and the total pore volume of CO2 with N2 (Table 1) it can be seen that for CO2 the values are 
about 5 to 10 times higher for low thermal treated CNFs (650-950°C). For higher temperatures, 
the CO2 specific surface area becomes similar to the nitrogen one. This observation suggests 
(a) 
 
(b) 
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the presence of ultramicropores for CNFs treated bellow 950°C. Compared with N2 it is well 
known that CO2 is able to access better the narrow pores (ultramicropores) due to the enhanced 
diffusion, thus higher CO2 may be adsorbed.  It must be recall that these materials contains 
high amounts of nitrogen and oxygen functionalities, which may influence the CO2 adsorption 
behaviour due to the presence of a quadrupole moment. However, this aspect remain still 
controversial in the literature.[29,30] In addition, the DFT pore size distribution (Figure 4b) show 
different pore size depending on the annealing temperature. For low temperatures (650-950°C) 
only micropores with size of about 1.2 nm are seen, while for higher temperatures small 
mesopores (3.2 nm) are formed. The formation of mesopores for temperatures superior to 
950°C is as well confirmed by BJH model (Figure S5a). We believe that the micropores to 
mesopore evolution of CNFs with temperature can be explained as follows. The micropores 
present at low temperature (650°C) most likely due to the poor stacking of C-C aromatic 
structures. The presence of functional groups are progressively disappear with increasing the 
carbonization temperature at the expense of graphene layers growth through which  part of C 
atoms are expelled via the evolvement of COx and HCN to leave mesopores behind (as 
sustained TPD-MS and mass loss with the temperature). Moreover, the rotation of graphene 
layers with increasing temperature, as deduced from TEM measurements, could also in 
addition participate to the formation of mesopores. 
Table 1 Textural properties of CNFs determined by N2 and CO2 adsorption. 
Materials CNF-
650 
CNF-
800 
CNF-
950 
CNF-
1100 
CNF-
1250 
CNF-
2200 
CNF-
2800 
SSA N2 
(m2/g) 
25 18 12 24 20 21 20 
SSA CO2 
(m2/g) 
226 197 67 24 20 - - 
Vt N2 
(cm3/g) 
0.026 0.022 0.015 0.033 0.028 0.040 0.037 
Vt CO2 
(cm3/g) 
0.13 0.11 0.038 0.0058 0.0037 - - 
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Figure 4  (a) N2 adsorption-desorption isotherms  (b) DFT pore size distribution of CNFs 
carbonized at various temperatures. 
       So overall, based on all these analysis techniques we can deduce that CNFs undergo during 
carbonization up to 2800°C a three stages process enlisting subsequently i) the elimination of 
heteroatoms (650-950 °C) and ultramicropores; II) the growth of graphene domains (1000-
2000 °C) and III) the graphitization (>2000 °C) with the formation of small mesopores. At this 
stage a legitimate question deals with the importance of such carbonization sequences on the 
electrochemical properties of the resulting CNFs.  Thus, the CNF films were punched into disks 
for using as electrodes in coin cells to evaluate their Na storage performance. The results are 
presented in Figure 5 by grouping the samples according to the three domains of temperatures 
defined above I, II, and III.   
For stage I CNFs the voltage profiles show initially a pseudo plateau followed by a 
monotonous decrease of the voltage to 0 V with therefore a large irreversibility between the 
first discharge and first charge so that the total sustainable reversible capacity is limited 200 
mAh/g. The high irreversible capacity can be ascribed to the disordered nature of the carbon as 
determined by XRD and TEM analysis.  Note that 50 % of this charge capacity in CNF-650 is 
obtained at voltages greater than 1 V, due most likely to the high content of  heteroatoms 
(17.9% N and 10.6% O) in the samples in agreement with a previous study which has reported 
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similar voltage profiles for N doped CNFs [31]. Moreover, the decrease of the high voltage 
charge capacity contribution with increasing temperature (from 650°C to 950°C see arrows 
Figure 5a) does not come as a surprise since we have shown by XPS and TPD that the 
heteroatoms are progressively eliminated as the temperature is increased. A short low plateau 
at around 0.1V pop-out in CNF-950, leading to the slightly higher capacity of CNF-950 than 
CNF-800 although the latter has higher capacity at above 1V. The capacity at around 0.1V is 
related to the presence of tiny graphene layers spotted by TEM measurements (Fig. 2a) with 
the corresponding Na storage mechanism explained as follows. 
For CNFs pertaining to the stage II temperature domain (1100 – 1550), the voltage 
profile can be divided into two regions, i.e., sloping region between 1-0.1 V and a flat plateau 
region at ~ 0.1V that could remind alkali intercalation in graphite-type materials. Although Na 
interaction into graphite is not possible in carbonate electrolytes, it is worth mentioning here 
that recent studies have proposed that intercalation of Na+ in graphene domains showing  large 
d-spacing[14,32] to account for the low voltage plateau[14]. This is in contrast with  Dahn’s early 
work in which  the low voltage  plateau is ascribed to nanopore filling[12].  
As an attempt to distinguish between these two possibilities, we electrochemically test 
CNFs treated at T> 2000°C which are characterized by a high degree of graphitization. The 
first discharge curves show a initial plateau corresponding to SEI formation and afterwards a 
long plateau showing a reversible capacity of ~200  mAh/g which maintain at 173 mAh/g after 
50 cycles. Surprisingly, from the second cycle onwards, the two sloping and constant voltage 
regions present in stage II samples have merged into a single voltage plateau in stage III 
samples. It should be recalled that the materials prepared in this temperature interval present a 
high degree of graphitization, small mesopores and low active surface area (ASA < 0.5 m2/g), 
hence low reactivity with the electrolyte. 
14 
 
 
Figure 5 Voltage profiles (top), discharge capacity retention (middle) and schematic 
representation of Na ion storage mechanisms (bottom) in (a) Stage I, (b) Stage II and (c) Stage 
III CNFs. 
To grasp further insight into any possible Na interaction, in-situ XRD measurements 
were conducted in a Swagelok type cell equipped with a beryllium window. While the cell 
being discharged to 0 V, XRD patterns were collected at times refereed as circles in the voltage 
trace. Note that the collected XRD shows a broad background due to the electrolyte/separator 
contribution centered near 2 = 20° which overlaps with the peak pertaining to carbon centered 
at 2 = 25.5. To prevent any experimental artifacts, such background was systematically 
subtracted and the obtained XRD collection shown in Figure 6.  No shift of the (002) peak was 
observed when the cell discharged to 0V. A similar experiment was conducted on the same 
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sample vs. Li+/Li  and in  contrast to Na storage, the intercalation of Li between graphene layers 
is clearly observed as deduced  by the left shift of (002) peak position during discharging 
together with its return back to the initial position upon charging (Figure S6). This highlights 
a different alkali uptake mechanism between both alkalis. The constancy of the d-spacing for 
Na-uptake in CNFs fiber implies that the low voltage plateau cannot be attributed (assigned) 
to  Na intercalation.  
Of course one still argue about the feasibility of having Na plating since the long voltage 
Na uptake plateau is close to 0 V vs. Na/Na+. To eliminate this possibility the in-situ XRD cell 
was further discharged to below 0 V to purposely provoke Na plating. When the cell voltage 
approaches _0.015V, the voltage trace shows a “V” shape characteristic indicative of the Na 
nucleation-growth process as further confirmed by the in-situ collected XRD patterns which 
show the progressive emergence of a  small peak near 2 = 29°  corresponding to Na metal 
(Figure 6 and Figure S7). From such experiments we can unambiguously conclude that the low 
voltage plateau is neither due to Na intercalation nor Na plating. Note therefore that the capacity 
of the low voltage plateau become the most prominent only for samples treated at above 1000 
°C which contains greater amounts of mesopores, hence in good agreement with the nanopore 
filling model[33].  The mesopores are partly removed when the temperature increases to above 
2200 °C as a result of the further orientation of the graphene layers in the basal plane (Fig.2), 
which leads to the decrease in the capacity of CNF-2500 and CNF-2800.  
        A comparison between Stage II and Stage III CNFs shows that the sloping region almost 
disappears once the graphene sheets become parallels with smaller d-spacing. This implies that 
the sloping region is related to the Na storage in isolated or randomly oriented graphene layers. 
In-situ XRD does not show a clear shift of the (002) peak during discharging for stage II CNFs, 
probably due to adsorption of Na ions on the surface of graphene sheets instead of intercalation 
(Figure S8). It should be noted, however, the possibility of Na intercalation cannot be fully 
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excluded in stage II CNFs because of the broadness of  (002) peak which renders unreliable 
the detection of minors shift positions.  This is one of the reason why the Na storage mechanism 
in less ordered carbon treated under this temperature range remains controversial [xx], 
requiring further investigations among which Na NMR could be quite useful.   A little amount 
of isolated graphene sheets is remained in stage III CNFs, giving rise to the small capacity 
between 0.1 and 1V. 
So in light of the aforementioned results, the Na ion storage mechanism in CNFs enlists 
three different steps, depending upon their microstructure, composition and texture. They 
consist in  i) the uptake of Na+ by defect sites created by heteroatoms (mainly by N as O will 
lead to higher potentials), 2) the Na adsorption on disordered isolated graphene sheets resulting 
in a sloping region between 1V-0.1V and iii) in the mesopore filling that occurs at ~ 0.1V 
(Figure 5).   
 
Figure 6 X-ray diffraction pattern recorded in-situ on the first discharge of CNF-2200, the cell 
was discharged at a current density of 35 mA/g. The peak marked with * is due to the side 
reaction with the electrolyte. 
For sake of comparison, the electrochemical behavior of all CNFs samples was 
investigated in Li-ion cells and only the most relevant voltage composition profiles, within the 
context of the paper, are reported in Figure S9. Stage 1 samples show both a large hysteresis 
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together with a sloping region alike what was found with sodium and this was explained using 
similar storage mechanisms[34,35].Turning to stages II and III, we note a decrease in the 
hysteresis, but neither of them show the onset of a well pronounced plateau at low voltage as 
observed for sodium, further confirming a different Li and Na uptake mechanisms at low 
voltage, despite the fact that these materials are alike in terms of microstructures, defects and 
morphologies.  
Stage III CNFs that possess a single plateau at low voltage having a ~200 mAh/g 
capacity could be attractive anode materials for delivering a high output voltage when coupling 
with cathodes. For proof of concept, full Na-ion CNF/Na2Fe2(SO4)3 cells were assembled using 
as negative electrode CNFs samples treated at 1400°C and 2200°C (Figure 7). The voltage 
profile of Na2Fe2(SO4)3  that prepared according to the literature
[36] in half cell is shown in 
Figure S10. Both the cells deliver a stable capacity of ~ 70 mAh/g (based on the weight of 
Na2Fe2(SO4)3, suggesting electrospun CNFs could be potential anodes for Na-ion batteries. 
Efforts are made undertaken to prepare large badges at low cost; which is should not represent 
an unsurmountable task [xx]." 
providing that efforts are made to prepare large badges at low cost; which is not an 
unsurmountable task [xx]. The capacity of CNFs are normalized to compare the influence of 
CNF voltage profile on the full cell. It can be seen that without sloping region 
Na2Fe2(SO4)3/CNF-2200 cell has higher output voltage than Na2Fe2(SO4)3/CNF-1400, 
showing potential improvement in energy density. Furthermore, synthesis of mesoporous 
carbon has been well studied in carbon community, thereby opening a wide window on 
synthesis high capacity carbon anode material through optimizing the porous and graphitic 
structure.    
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Figure 7 Electrochemical performance of full cells using Na2Fe2(SO4)3 and CNFs as cathode 
and anode, respectively. The capacity of CNFs is normalized to compare their voltage profiles 
and influence in the full cell. 
 
Conclusions 
We have reported the preparation of CNFs from carbonization of electrospun PAN 
fibers and shown that their electrochemical performances towards Na strongly depend upon 
their characteristics induced by carbonization temperature. Using combined TEM, TPD-MS, 
XRD and adsorption techniques, we demonstrate that the materials present distinct textural, 
structural, and surface chemistry characteristics depending on the carbonization process. Low 
temperature made CNFs contain copious amounts of O and N heteroatoms, high disordered 
structure and high amounts of ultramicropores. Carbonization at T>1000°C gradually remove 
the heteroatoms and increases the ordered structure as well as the mesoporous volume. We find 
for temperatures of above 2000 °C  the emergence of  high density of graphite-type domains 
consisting of  numerous pores surrounded by graphitic layers.  Among the most pleasant result 
is the appearance of a low and single voltage plateau at ~0.1 V which displays a reversible and 
sustained capacity close to 200 mAh/g. While such low single voltage plateau is common for 
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Li insertion in graphite, it is to our knowledge the first time that it has been observed for Na as 
well.  We demonstrated here that this plateau is nested in the filling of the CNFs nanopores by 
Na+ ions. Application-wise, we show the beneficial aspects of CNFs made by a scalable 
process, via the assembling of full CNF/Na2Fe2(SO4)3,   which show better energy density. 
Obvious optimizations of this work range for means to i) design carbonaceous materials at 
lower temperatures for sustainable reasons while preserving similar performances, and ii) to 
eliminate their large irreversible capacities so that such electrodes could be used in Na-ion 
commercial cells. The above aspects are being explored to further exploit the right balance 
between porous and graphitic structure for elaborating electrochemically optimized carbons for 
the Na-ion technology.  
 
Experimental Section 
CNFs Preparation: CNF films are produced by electrospinning using PAN (Sigma, 
Mw of 150,000) as precursor. 6wt.% PAN was dissolved in N-dimethylformamide and was 
stretched into fiber shape under a high voltage of 18 kV. The feed rate of PAN solution was 
3.0 ml/h using a needle of diameter 1.2mm. A PAN fiber film was peeled off from Al plate 
collector, and stabilized at 250 oC for 3h in a muffle furnace so as to achieve a cyclic structure 
and hence avoid  the  melting of PAN during high temperature treatment[37]. It was then 
carbonized under Ar atmosphere for 1 h at various temperatures between 650 and 2800 °C. The 
duration of treatment for temperature higher than 2000 oC was reduced to 20 min due to the 
furnace manufacturing limitation. The as obtained samples are denoted as CNF-x, where x 
represents carbonization temperature. 
Material Characterization: XRD of CNFs was conducted using a Bruker D8 
diffractometer with a Cu Kα radiation source. The morphologies was characterized by SEM 
(Philips, XL30) and TEM (JEOL 2010F).  The material composition and surface chemistry 
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were evaluated by several complementary techniques. The global composition was determined 
with a Thermo Electron EA112 elemental analyser instrument. The CNFs surface functionality 
was assessed by XPS with a VG ESCALAB 250 spectrometer using an Al K monochromatic 
source (15kV, 15mA) and a multi-detection analyzer, under 10-8 Pa residual pressure.  
Bulk groups functionality of materials was analyzed by TPD-MS. The  CNFs were heat-treated 
in vacuum up to 950°C and the evolved gases were  monitored by a mass spectrometer priory 
calibrated using N2 , H2 , CO , CO2 and H2O. The total amount of each gas released was 
computed by time integration of the TPD curves. The ASA was determined by performing 
TPD-MS experiments on CNFs cleaned under vacuum at 950°C and subsequently exposed to 
di-oxygen chemisorption at 300°C. More details about the procedure can be found in our 
previous works [25,26]. 
The textural properties of the CNFs were determined from the study of the adsorption isotherms 
of N2 at 77K and CO2 at 273K using a Micromeritics ASAP 2020 instrument. Prior to the 
analysis the CNFs were pressed to reduce their volume and then out-gassed overnight under 
vacuum at 300°C. The BET surface area (SBET) was calculated in the relative pressure range of 
0.05-0.3 for N2 adsorption. The total pore volume Vp was obtained from the amount of N2 
adsorbed at a relative pressure of 0.95 and 0.03 for N2 and CO2 adsorption, respectively. The 
pore size distribution was assessed by DFT model for slit pores more adapted for these 
materials[38], but also by BJH adsorption for comparison reasons.  
Electrochemical tests: CNF films were punched into a circle with diameter of 11mm 
and typical weight of 1mg. It was used directly as electrodes in 2032 coin cells, where a Na 
metal was used as counter electrode. 1M NaClO4 in ethyl carbonate (EC)/dimethyl carbonate 
(DMC) (1:1 by volume) and glass fiber (Whatman, GF/D) were employed as the electrolyte 
and separator, respectively. The cells were cycled between 0-3V at a current density of 50 
mA/g in galvanostatic model using VMP system (Biologic S.A., Claix, France), taking around 
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8h for one full cycle depending on the capacity.. Swagelok style cell with a beryllium window 
was fabricated for in-situ XRD measurements. 
 
Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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A correlation between the microstructure and Na-ion storage behavior in hard carbon 
materials is established. A single low voltage plateau is observed in the carbon materials 
annealed at above 2000oC.  It is demonstrated via the assembly of a full cell the benefit of such 
single low voltage plateau for enhancing the energy density of Na-ion batteries. 
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Figure S1 SEM images of (a)(b) PAN fibers and (c)(d) CNF-1550 
 
                                          
Figure S2 Carbon yield versus annealing temperature of PAN fibers 
 
 
(a)
(c) (d)
(b)
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Figure S3 Evolution of C, O and N groups with temperature (a’, b’, c’) as determined using 
the deconvoluted XPS spectra (a, b, c).  
 
 
Figure S4 Raman spectra of CNFs carbonized at various temperatures. 
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Figure S5  (a)  BJH adsorption pores size distribution  (b) CO2 adsorption isotherms of CNFs 
carbonized at various temperatures. 
 
 
 
Figure S6  X-ray diffraction pattern recorded in-situ on the first discharge of CNF-2200 in Li-
ion battery. 
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Figure S7 Selected XRD patterns recorded in-situ on the first discharge of CNF-2200 in Na-
ion battery. The background of separator and electrolyte is not subtracted to clearly identify 
the Na peaks. 
 
 
 
Figure S8 X-ray diffraction pattern recorded in-situ on the first discharge of CNF-1400 in Na-
ion battery. 
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Figure S9 Voltage profiles of Li storage in CNFs. Electrolyte: 1M LiClO4 in ethyl carbonate 
(EC)/dimethyl carbonate (DMC) (1:1 by volume). 
 
Figure S10 Voltage profiles of Na2Fe2(SO4)3 in half cell with Na as a counter electrode. 
